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PREFACE 


Most  of  the  analytical  activity  of  the  Army  Materiel  Systems 
Analysis  Activity  (AMSAA)  is  concerned  with  anticipating  the  future 
results  of  present  or  proposed  actions  or  conditions.  This  projection 
of  the  expected  effect  of  present  or  assumed  causes  is  usually  called 
prediction.  The  basis  of  prediction  is  recorded  experience,  adequately 
correlated  with  causes.  Unfortunately  most  experience  records  are 
correlated  with  factors  having  little  or  no  relation  to  true  causes. 

But  a more  unfortunate  aspect  of  prevalent  prediction  methods  is  that 
analysts  are  usually  unaware  of  this  problem.  This  report  presents  the 
results  of  a Research  Study  by  the  University  of  Delaware,  under  contract 
with  AMSAA,  to  make  a "sample"  investigation  of  prediction  methodology 
in  order  to  discover  the  most  significant  shortcomings  and  determine 
the  most  effective  means  of  correcting  them.  Reliability  prediction 
was  chosen  as  a familiar  and  active  area  for  a sample,  and  mechanics 
as  the  field  of  scientific  design  most  difficult  to  predict.  The  sample 
approach  was  chosen  after  a review  of  the  literature  found  a dearth  of 
application-oriented  methods.  Instead  the  approach  has  been  to  find  a 
new  or  "unique"  method  of  performing  a predictive  analysis  and  then  fit 
it  to  the  application. 

The  approach  used  here  may  at  times  have  a superficial  appearance 
of  developing  particular  methods.  But  it  is  intended  to  be  illustrative 
and  has  the  following  threefold  purposes:  (1)  to  avoid  an  orientation 

toward  analytical  theories,  which  has  not  developed  sound  or  effective 
methods;  (2)  to  enable  analysts  to  appreciate  the  interrelation  of 
their  disciplines  with  the  scientific  disciplines  in  the  field  of 
application;  and  (3)  to  provide  designers  and  analysts  some  idea  of  the 
interdependence  of  statistics  and  inductive  inference.  The  specialists 
in  each  area  are  unlikely  to  understand  fully  all  that  is  presented  in 
the  other  area,  a "difficulty"  that  will  illustrate  the  need  for  effective 
communication  between  analysts  and  designers. 

AMSAA  Special  Publication  No.  19,  Vol  1,  "R^M  Prediction  in  Engineering 
Development,"  addresses  the  basic  principles  of  statistical  prediction, 
showing  that  the  conclusions  of  this  study  are  applicable  in  other  areas. 

It  also  provides  a perspective  for  the  study  in  more  detail  than  would  have 
been  appropriate  in  this  report. 


W.  FRANK  RICHMOND,  JR. 
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RELIABILITY  PREDICTION  OF  MECHANICAL  AND  STRUCTURAL  SYSTEMS 


1.  INTRODUCTION 

The  objective  of  this  study,  briefly,  is  to  assess  the 
state-of-the-art  of  reliability  prediction  of  items  that  fail  due  to 
mechanical  stresses  and  to  discover  promising  frontiers  for  the  next 
stage  of  development.  In  particular,  the  areas  of  interest  are  those 
in  which  a relevant  or  adequate  effort  is  not  in  progress. 

Recent  technology  has  emphasized  both  the  development  of 
complex  systems  and  a sophisticated  interest  in  predicting  their  char- 
acteristics. These  systems,  often  consisting  of  large  numbers  of 
subsystems,  can  fail  because  of  the  failure  of  a single  and  perhaps 
inexpensive  part  or  component.  The  prediction  of  failure  as  a chance 
consequence  has  evolved  into  the  subject  of  Reliability,  which  has  be- 
come a concern  for  those  engaged  in  developing  systems,  from  design 
through  manufacturing  and  to  ultimate  use. 

Statisticians  have  served  the  needs  of  engineers  and  scient- 
ists in  developing  new  statistical  techniques  and  methods  particularly 
suited  to  reliability  studies.  The  first  step  in  the  application  of 
mathematics  to  a physical  problem  is  the  construction  of  a mathematical 
model  which  embodies  the  main  observational  and  theoretical  features  of 
the  phenomenon.  When  phenomena  are  chance  dependent,  the  mathematical 
model  has  a probabilistic  character.  With  a mathematical  model  of  the 
phenomenon  one  uses  appropriate  mathematical  techniques  to  study  the 
reliability  and  other  aspects  of  a system. 

Reliability  gained  especial  recognition  in  World  War  II.  In 
June  1943  the  Vacuum  Tube  Department  Committee  (VTDC)  was  formed  to 
establish  joint  Army  and  Navy  parts  standards.  Following  the  VTDC,  an 
airlines  group  formed  in  1946  aimed  at  the  development  of  better  elec- 
tronic tubes.  This  was  followed  by  parallel  studies  conducted  by 


Aeronautical  Radio,  Inc.  and  Cornell  University,  in  which  respectively, 
45,000  and  100,000  defective  tubes  were  examined.  Between  1949  and 
1953  Vitro  Laboratories  pursued  similar  studies  on  the  failure  of  parts 
other  than  vacuum  tubes,  e.g.  resistors,  capacitors,  transformers, 
relays,  etc.  In  1950  the  Department  of  Defense  established  an  ad  hoc 
committee  on  reliability,  which  in  1952  became  a permanent  group  called 
the  Advisory  Group  on  the  Reliability  of  Electronic  Equipment  (AGREE) . 

An  AGREE  report  was  published  in  1957  which  was  shortly  followed  by 
a specification  on  the  reliability  of  military  electronic  equipment. 
Since  the  mid- 1950* s much  work  has  been  done  on  reliability  analysis. 

The  title  "Reliability  Engineer"  is  common.  Many  bibliographies  have 
been  published  [1,2].  One  quickly  recognizes  that  the  early  reliability 
analyses  were  mainly  concerned  with  electronic  equipment.  However, 
since  the  mid-1950's  the  new  concept  has  evolved  in  structural  [3,4,5], 
and  mechanical  engineering  [6] . 

In  many  ways  the  problems  encountered  in  mechanical-structural 
reliability  studies  are  stubborn  and  advances  have  not  been  rapid.  The 
main  thrust  of  these  reliability  prediction  efforts  is  toward  existing 
equipment.  Failure  data  is  marshalled  and  statistically  based  curve 
fitting  techniques  are  used  to  predict  the  reliability  of  nominally 
identical  existing  equipment,  i.e.  in  effect  a reliability  assessment. 
This  type  of  work  is  both  important  and  useful  and,  hopefully,  will 
continue. 


However,  there  is  perhaps  a beginning  recognition  [7]  that 
the  more  fundamental  problem  is  one  of  predicting  the  reliability  of  a 
mechanical  system  at  the  design  stage  - perhaps  from  blueprints  of  non- 
existent equipment.  This  report  emphasizes  this  phase  of  mechanical - 
structural  reliability.  It  indicates  the  state-of-the-art  of  applicable 
predictive  techniques  and  the  nature  of  the  initial  tasks  in  the 
development  of  structural-mechanical  reliability  models  capable  of 
predicting  the  reliability  of  aircraft  and  surface  vehicles.  For  those 
areas  for  which  expertise  was  available  for  the  study  the  approximate 
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magnitude  of  the  initial  tasks  is  indicated. 


This  report  of  the  study  is  divided  into  six  sections.  The 
conclusions  and  recommendations  are  placed  after  the  introduction 
rather  than  at  the  end  as  is  usually  done.  This  is  to  provide  a 
context  within  which  the  significance  of  the  next  three  sections  may 
be  more  easily  discerned.  The  crux  of  mechanical  reliability  predic- 
tion lies  in  its  dependence  on  the  interrelationships  of  several  factors 
which  do  not  have  an  obvious  significance  when  considered  separately. 
Section  3 deals  with  reliability  in  general  and  the  state  of  art. 

Section  4 concerns  a mathematical  model  of  the  vehicle  system  to 
determine  the  relation  between  the  reliability  of  individual  subsystems 
and  the  reliability  of  the  entire  vehicle.  Section  5 describes  one 
subsystem  - The  Suspension  System  - and  illustrates  the  analytic 
approach  by  use  of  examples.  Section  6 is  an  annotated  bibliography. 


1.  "A  Survey  of  Mathematical  Models  in  the  Theory  of  Reliability"  by 

G. II.  Weiss  Statistical  Theory  of  Reliability  ed.  M.  Zelen, 

Wisconsin  Press,  1963 

2.  "A  Select  Bibliography  on  Reliability  and  Quality  Control"  by 

H.  S.  Balaban  IRE  Trans.  Reliability  Quality  Control,  July  1962. 

3.  "The  Analysis  of  Structural  Safety"  by  A.  M.  Freudenthal,  J.  M. 
Garrelts  and  M.  Shinozuka,  ASCE  Journal  Vol  No.  92  No.  ST1,  Feb  1966, 
P.  267. 

4.  "Optimum  Structural  Design  with  Failure  Probability  Constraints" 

by  F.  Moses  and  K.  Kinser  AIAA  Journal  Vol  No.  6,  P.  1152,  June  1967. 

5.  "Bounds  on  the  Reliability  of  Structural  Systems"  by  A.  Cornell 
ASCE  Journal  Vol  93  No.  ST1,  P.  171,  Feb.  1967. 

6.  "Effects  of  Aging  Mechanical  Reliability  of  Vehicles"  by  C.  Lipson 
Highway  Safety  Research  Inst.,  Univ.  of  Michigan,  Ann  Arbor,  Mich. 

7.  "Techniques  of  System  Reliability  Prediction"  by  M.  Shooman,  Contact 
No.  F44620-69-C-0047,  Joint  Service  Electronic  Program. 
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2.  CONCLUSIONS  AND  RECOMMENDATIONS 


A greater  potential  for  reliability  improvement  appears  reali- 
zable at  the  design  stage,  i.e.,  reliability  prediction.  At  that  stage, 
perhaps  from  blueprints  of  non-existent  equipment,  there  is  better  flex- 
ibility to  implement  improvements  in  quality,  reliability,  availability, 
and  maintainability  of  equipment.  The  Army's  reliability  needs  are 
assumed  to  be  not  only  tactical  and  specific,  but  strategic  and  general 
as  well.  In  view  of  this  a four  fold  program  is  recommended  which,  by 
its  focus  upon  root  matters,  can  bring  mechanical  reliability  prediction 
capabilities  closer  to  the  electronic  counterpart.  The  four  parts  of 
the  recommended  program  are:  first,  analysis  of  failure  modes;  second, 

determination  of  the  relationship  between  failure  modes  and  design  dis- 
ciplines; third,  probabilistic  expressions  intrinsically  related  to 
design  disciplines  for  the  reliabilities  relative  to  those  failure 
modes;  fourth,  a data  system  to  support  and  monitor  the  program.  These 
are  outlined  in  turn. 

2. 1 Failure  Mode  Analysis. 


For  reliability  ■prediction  it  is  essential  that  the  failure 
modes  be  analyzed. 

Failure  mode  analyses  have  three  outcomes.  First,  failures 
that  may  be  directly  related  to  the  design  disciplines;  so-called 
intrinsic  modes.  Second,  statistical  correlations  may  indicate  as 
yet  unexplained  relation  of  failures  to  design;  so-called  empirical 
modes.  Finally,  there  may  not  be  sufficient  information  for  a modal 
classification;  so-called  random  failures. 

2.2  Relation  of  Failure  Modes  to  Design  Disciplines. 

A fundamental  study  of  mechanical  and  structural  systems  can 
yield  the  relationships  between  strengths  and  stresses  in  deterministic 
and  probabilistic  terms.  They  are  functions  of  design  and  environmental 
constants  and  corresponding  failure  modes.  These  relations  may  be 
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called  the  physics  of  failure  or  the  " physics  of  design ." 

Elements  (systems,  subsystems,  components,  parts,  etc.)  and 
appropriate  design  disciplines  and  constants  are  identified  (See  list- 
ing in  Section  4 and  the  final  page  of  Section  5) . Failure  modes  are 
identified  by  stresses  exceeding  strengths  and  related  to  design 
constants.  This  may,  for  example,  reveal  the  effect  of  degradation 
or  other  changes  in  some  components  upon  others,  say  the  effect  of  a 
worn  shock  absorber  upon,  say,  the  axle  housing. 

It  should  be  noted  that  much  of  the  above  information  exists. 
Often  the  need  is  to  properly  marshall  such  information  for  the 
probabilistic  analyses  described  next. 

2. 3 Reliability  Analyses. 

The  above  analyses , which  relate  failure  modes  to  design 
disciplines  yield  stochastic  models.  These  models  are  the  bases  for 
conducting  appropriate  reliability  analyses.  These3  in  turn,  are  the 
ingredients  of  a reliability  prediction  model. 

Since  World  War  II  an  extensive  literature  on  probability 
theory  has  emerged.  The  development  has  often  been  theoretically 
motivated  and  application  to  mechanical  reliability  has  not  been 
completely  effective.  As  a consequence,  some  techniques  whose  develop- 
ment is  envisioned  mainly  relate  to  i)  the  approximation  of  probabilit- 
ies from  statistical  and  phenomenological  information  (e.g.  Chebyshev 
inequality),  ii)  operational  functions  for  the  manipulation  of  stochas- 
tic models  (e.g.  convolution  properties  of  characteristic  functions  and 
Mellin  Transforms),  iii)  dependencies  among  random  variables 
(e.g.  two  parts  made  from  the  same  batch  of  material),  iv)  capabilities 
to  aggregate  lower- level  reliabilities  into  higher- level  ones,  and 
v)  representation  of  empirical  statistical  distributions  and  their  man- 
ipulation (e.g.  calculus  techniques)  with  mathematical  and  computer 
tractability. 
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To  illustrate  these:  For  (i) , the  chebyshev  inequality,  known 

for  about  a century,  has  only  recently  been  extended  to  multi-dimensional 
cases.  Other  approximation  techniques  are  also  needed  to  more  fully 
utilize  available  information  in  the  estimation  of  probabilities  when 
exact  expressions  are  impractical  or  unnecessary.  For  (ii),  operational 
techniques  are  well  known  for  such  simple  random  models  as  sums  and 
products  of  independent  random  variables.  More  flexibility  is  needed 
to  cope  with  the  relations  between  parameters  and  failure  modes  in  an 
effective  way.  For  (iii) , the  interdependence  of  failure  modes  of 
materials,  fabricating  and  design  parameters,  of  stresses,  of  time 
dependent  parameter  changes,  distinguishing  between  relevant  and  irrel- 
evant dependencies,  etc.  requires  a better  developed  ability  for  multi- 
variate analyses.  For  (iv) , an  important  part  of  the  program  deals 
with  a)  the  levels  of  precision  needed  to  achieve  particular  reliability 
predictions  and  b)  means  for  relating  precision  levels  to  each  other. 
Finally,  for  (v) , combinations  of  simple  exponential  functions  have 
desirable  characteristics. 

Development  of  techniques  for  the  five  areas  of  application 
listed  above  require  that  approximate  data  and/or  models  be  available. 
Only  for  the  last  area,  i.e.  empirical  distributions,  are  these  in 
evidence,  as  represented  by  "wear-out"  and  repair  distributions  for 
use  in  reliability,  availability,  and  dependability  models.  It  is 
estimated  that  an  effort  of  the  same  order  of  magnitude  as  that 
represented  by  this  report  would  produce  significant  results.  About 
one-tenth  of  this  work  may  be  defined  in  sufficient  detail  to  consti- 
tute an  initial  task.  Further  work  in  this  area  as  well  as  work  in  the 
other  four  may  be  defined  with  implementation  of  a data  system  (describ- 
ed below)  and  parallel  effort  in  constructing  models  for  which  it  is 
designed. 


2.4  Data  System. 

A properly  designed  data  system  is  vital  to  support  failure 
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mode  analysis*  environmental  and  operational  inputs * and  reliability 
analysis.  It  also  provides  the  common  purposes  of  parameter  estimation. 

The  collection  of  data,  by  qualified  people,  will  help  to 
identify  prominent  failure  modes  and  significant  underlying  factors. 
Appropriate  statistical  relationships  (e.g.  a regression)  are  used 
empirically  to  identify  possible  causal  relations  and  the  character 
of  appropriate  environmental  and  operational  conditions.  Statistical 
techniques  may  be  useful  to  probe  for  possible  relationships  between 
stress  and  stress  distributions.  Statistical  analyses  are  relied 
upon  to  provide  parameter  information  and  prediction  feedback. 


Note  that  the  data  system  considered  here  requires  three 
characteristics;  1)  it  must  rely  on  qualified  people  particularly  in 
the  learning  phases  (e.g.  to  enable  secondary  analyses  for  certain 
qualitative  assessments) , 2)  it  must  play  an  integral  role  to  the 

development  of  the  first  two  phases  in  addition  to  providing  customary 
parameter  and  curve  fitting  information,  3)  it  is  intended,  hopefully, 
as  an  instrument  of  feedback  and  control. 
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3.  STATE  OF  THE  ART 


There  is  now  a well  developed  reliability  literature,  and 
"state  of  the  art"  considerations  are  available  as,  for  example,  in 
the  attached  annotated  bibliography.  Since  the  Contract  for  which 
this  report  is  prepared  had  as  a primary  purpose  the  guidance  of  future 
efforts,  this  section  on  "state  of  the  art"  seeks  to  expose  a gap  in 
the  reliability  field  and  to  support  the  main  recommendations  of  this 
study. 


3.1  Engineering  Design 

Engineering  designs  are  generally  based  upon  experimental 
and  theoretical  knowledge  largely  rooted  in  the  physical  sciences 
and  traditional  engineering  subjects.  In  brief,  they  can  be  termed 
"cause  and  effect"  designs.  More  recently,  computer  aided  designs 
have  vastly  increased  the  designers  alternatives.  Selections  can  be 
made  from  among  several  feasible  designs  rather  than  a single  one  or 
two.  In  addition,  concerted  efforts  are  being  made  to  achieve  optimal 
or  near  optimal  designs.  It  is  also  apparent  that  a fuller  utilization 
of  the  existing  software  for  computer  aided  design  requires  an  improved 
precision  in  the  design  input.  This  often  means  that  the  potential 
for  sharply  improved  designs  depends  upon  better  developed  considera- 
tions of  randomness  in  the  material  and  environment  incident  to  the 
design 

3. 2 Statistical  Analyses 

Statistical  analyses  are  widely  used  in  reliability  studies 
and  they  have  an  important  role.  However  statistical  analyses  tend  to 
contribute  more  to  the  assessment  of  existing  designs  than  to  the 
prediction  of  proposed  designs.  Also,  statistical  analyses  are  not 
always  related  to  the  underlying  physical  principles  but  rather  to 
observed  operational  effects.  For  example,  while  regression  and 
correlation  techniques  provide  important  clues  to  inadequate  performance. 
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the  inadequate  roots  in  the  physics  of  the  design  limit  their  usefulness 
for  prediction  purposes. 

3.3  Improved  Reliability  Prediction 

Having  briefly  cited  some  pertinent  aspects  of  engineering 
design  and  of  statistical  analyses,  it  is  useful  to  suggest  what  one 
seeks  in  an  advance  of  the  reliability  prediction  art. 

There  appear  to  be  three  broad  characteristics  of  improved 
reliability  prediction  as  recommended  in  the  Report.  First,  elements 
of  the  design  function  (physical  sciences  and  engineering)  and  probabil- 
istic and  statistical  analyses  (characterization  of  randomness)  are 
utilized  simultaneously.  Second,  reliability  improvements  more  readily 
enter  the  design  in  the  planning  stages  and  diminish  the  need  for  correc- 
tive action  in  later  stages.  Third,  the  predictive  approach  as  used  in 
the  Report  emphasizes  the  phenomena  and  the  random  model  to  describe  it. 
Thus,  it  seeks  to  aggregate  a properly  detailed  consideration  of  elements. 

In  suggesting  this  predictive  approach,  it  may  be  useful  to 
attempt  to  assess  why  the  proposed  course  was  not  pursued  earlier. 

There  are  a few  plausible  reasons.  First,  the  subject  has  simply 
reached  an  appropriate  stage  in  its  maturity.  The  reliability  analysis 
of  electronic  equipment  is  easier  to  achieve  and  consequently  it  preceded 
structural-mechanical  reliability  prediction.  Second,  the  post  World 
War  II  specialist  tendency  and  the  attendant  separation  of  disciplines 
is  now  being  eroded.  Third,  not  only  have  structural-mechanical 
engineers  only  recently  seriously  studied  probability,  but  also  there 
has  not  been  an  appropriate  development  of  adequate  applied  probability 
techniques.  While,  of  course,  there  is  an  ample  probability  literature, 
in  the  main  it  has  derived  from  the  needs  and  interests  of  mathematicians; 
not  from  the  needs  and  interests  of  engineers.  Finally,  there  appears 
to  be  an  inadequate  data  base  to  permit  the  identification  of  needed 
analytic  techniques  and  of  the  relation  of  failure  modes  to  design 
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disciplines. 


3.4  Relative  To  The  Recommendation 

This  section  seeks  to  relate  the  "state  of  the  art"  somewhat 
more  closely  to  the  Conclusions  and  Recommendations  (see  Section  2.) 
of  this  Report.  A simply  supported  beam  is  used  to  provide  a specific 
example  to  illustrate  ideas.  It  is  a fundamental  structural -mechanical 
system  known  to  engineering  sophomores.  Yet,  important  aspects  of  its 
analyses  related  to  randomness  are  hardly  known.  Specifically,  a series 
of  random  loads  F^,  F,,,  F^  act  at  respective  random  distances  X^,  and 
from  the  left  end  of  the  weightless  beam  of  length  L.  The  bending 
moment  at  a point  y,  M(y) , is  given  by 


where  if  (X^-y)  is  a step  function  which  is  unity  for  a non-negative 
argument  (X^-y)  and  zero  otherwise. 


of  well  done  failure  mode  analyses.  The  long  range  objective  of 
reliability  prediction  studies  is  to  achieve  an  analogue  in  the 
structural-mechanical  area.  Of  course,  a good  basis  for  failure  mode 
analysis  already  exists.  The  need  is  for  a reassessment  with  a pre- 
dictive end  in  view  (e.g.,  the  physical  failure  mode  may  be  different 
from  the  way  it  is  packaged).  Thus,  if  the  simply  supported  beam  is 


F 


F 


Failure  Mode  Analysis.  MIL  Handbook  217A  provides  examples 
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serially  packaged  with  other  components , and  if  the  beam  has  a moment 
failure,  current  practice  is  apt  to  simply  record  that  the  "package" 
has  failed.  A predictive  reliability  analysis  seeks  the  more  specific 
information  that  the  moment  failure  occurred  in  the  beam. 

Relation  of  Failure  Modes  to  Design  Disciplines.  A vast 
literature  exists  (e.g.,  current  design  handbooks).  Some  research 
may  prove  desirable  (e.g.  statistical  design  aspects  are  not  well 
documented)  but  in  the  main  it  appears  as  if  a marshalling  of  existing 
results  may  be  adequate. 

Quantitative  Analyses.  A serious  impediment  to  the  develop- 
ment of  predictive  reliability  studies  is  the  lack  of  appropriate 
quantitative  techniques.  As  mentioned,  there  is  a vast  probabilistic 
literature,  but  it  has  not  usually  been  developed  for  engineering  needs. 
The  additional  techniques  envisioned  are  of  three  broad  types:  First, 

decision  rules  are  needed  to  evaluate  the  required  levels  of  precision 
to  describe  the  random  phenomena  at  hand.  For  example,  the  probability 
distribution  for  the  bending  moment  may  not  actually  be  needed  and  the 
mean  and  variance  may  be  adequate  for  the  design  purpose  at  hand  (c.f. 
pp  305,  316  of  [8]).  Second,  techniques  are  needed  for  evaluating 
complex  interrelationships  among  subsystems.  For  example,  to  separate 
fatigue  from  wear  effects;  to  identify  elements  made  from  the  same 
batch  of  material;  to  identify  failure  effects  of  one  system  upon 
another,  or  to  identify  the  effect  of  wear  of  one  component,  such  as 
a shock  absorber,  upon  others.  In  brief,  techniques  are  needed  to 
assess  the  dependencies  among  random  variables.  Third,  operational 
techniques  possessing  analytic  convenience  and  powers  of  generality 
are  needed  to  deal  with  the  relationships  between  subsystems  and  design 
failure  modes.  For  example,  only  recently  have  general  expressions  for 
the  probability  function  of  the  bending  moment  for  the  simply  supported 
beam  been  available.  Even  expressions  for  fundamental  random  vector 
operations  appeared  only  recently  [9] . 
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Data  Analysis.  While  analyses  are  often  very  well  developed 
a comparable  effort  is  needed  in  the  collection  and  assessment  of  data. 
For  example,  assessment  of  environmental  loads  on  the  simply  supported 
beam  are  needed  to  establish  their  probability  distributions.  These 
needs  are  elaborated  in  Section  2. 


8.  "Mathematical  Foundations  for  Design:  Civil  Engineering  Systems" 

by  R.  M.  Stark  and  R.  L.  Nicholls,  McGraw-Hill,  1972. 

9.  "Elements  of  a Random  Vector  Analysis",  R.  M.  Stark  and  D.  K.  Shukla, 

Univ.  of  Delaware  Technical  Report,  1972. 
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4.  VEHICLE  MODEL 


Reliability  is  the  probability  that  a system  performs  accord- 
ing to  specifications  and  for  a given  time.  A reliability  analysis  for 
a vehicle  depends  upon  reducing  the  system  into  convenient  units  for 
study.  One  subdivision  of  a vehicle  into  subsystems  is: 

1 . Engine  System 

2.  Transmission  System 

3.  Steering  System 

4.  Electrical  System  - Ignition  and  Lights 

5.  Brake  System 

6.  Suspension  System 

7.  Body  System 

8.  Instruments 

9.  Vision 

Each  subsystem  can  be  further  subdivided  into  smaller  parts  and  components. 
An  engine  subsystem,  e.g.,  can  be  divided  into  such  components  as: 

1.  Fuel  System 

2.  Cooling  System 

3.  Engine  Body 

4.  Lubrication  System 

Further,  each  of  these  components  is  another  system,  whose  detail  can 
be  complex.  For  example,  a fuel  system  can  be  divided  into  the  parts: 

1.  Fuel  Tank 

2.  Fuel  Pump  Assembly 

3.  Carburetor 

4.  Filter 

5.  Piping 
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Finally,  each  of  these  parts  consists  of  a number  of  elements.  The 
carburetor,  for  example,  is  composed  of  the  elements: 


1. 

Casing 

2. 

Jet  Nozzles 

3. 

Float 

4. 

Flaper 

5. 

Fixing  Screws 

6. 

Gaskets 

A detailed  reliability  model  properly  aggregates  the  reliabilities  of 
lower- level  elements  into  higher  ones. 

4. 1 Subsystem  Reliability 

A schematic  of  a subsystem  appears  in  Fig.  4.1. 


Figure  4.1 

Survival  of  circuit  AB  depends  upon  the  functioning  of  all  of  the  nX" 
elements  but  only  on  some  combination  of  the  "Y"  elements.  This  analysis 
of  the  "Y"  element  redundancy  can  take  many  forms.  However,  the  specific 
form  is  not  pertinent  to  the  immediate  task.  As  an  illustration  consider 
the  following:  Combinations  of  Y's  can  be  replaced  by  equivalent  Z's 

so  that  the  reliability  of  subsystem  [AB]  is  the  probability  of  the  event 
(all  "X'"s  and  at  least  one  "Z"  survive). 
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Assuming  independence  of  component  parts: 


Rs(t) 


i * 1,2, . . .n 
j — 1,2, .. .m 


(4.1) 


where 

Rs(t)  = Reliability  of  the  subsystem. 

Ri(t)  = Reliability  of  i^  series  component  (X). 

Rj(t)  = Probability  of  failure  of  jth  parallel  components  (Z) . 

In  general,  if  there  are  q sets  of  parallel  components,  equa- 
tion (4.1)  can  be  generalized  as 


Rs(t) 


n 

71  Ri(t) 
i=l 


a 

n (1 
k=l 


m 


TT 

j=l 


i ™ 1 j 2 1 * * • n 
j = 1,2, . . .m  (4.2) 
k = 1,2, ..  .q 


where  P.,  (t)  is  the  probability  of  failure  of  j 
J K- 

in  the  set. 


.th 


parallel  component 


Consider  the  engine  subsystem  as  an  example  of  these  formulas 
in  the  evaluation  of  vehicle  reliability.  The  parts  are,  for  example, 
cylinders,  casings,  crank  shaft,  flywheel,  camshafts,  valves,  etc.  and 
parts  might  be  machine  screws  to  secure  the  crankcase  to  the  engine 
body  or  the  bolts  of  cylinder  head,  etc.  Knowing  the  reliability 
of  each  component,  the  reliability  of  the  subsystem  can  easily  be 
evaluated.  Practical  element  combinations  involve  the  study  of 
parallel  elements  Yj  and  the  assessment  of  equivalent  Z^. 

4.2  System  Reliability 

Schematically,  a reliability  model  of  a vehicle  system  might 
appear  as  in  Figure  4.2. 
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Subsystem  Reliability 


R.(t) 


Environmental  Loads 


Figure  4.2  Vehicle  Reliability  Model 


P-jCt) 


Environmental  loads  such  as  terrain  excitation,  wind  load, 

drag  force,  passenger  or  cargo  load,  explosion  force,  friction  forces 
etc.,  are  represented  by  Pj,.j=l...A  function,  C^j,  transfers  the  j1*1 
environmental  loads  to  the  subsystem.  This  transfer  function  is  usually 
deterministic  e.g.  the  spring  constants  in  the  suspension  subsystem 
in  the  next  section.  However,  it  may  be  random  as  for  example,  shock 
absorbers  which  exhibit  statistical  behavior  as  a consequence  of  their 
deterioration  in  time.  Moreover  the  transfer  functions  may  have  inter- 
dependencies. If  we  assume  independence  as  a first  approximation,  then 
the  total  load  experienced  by  the  i^^1  subsystem  due  to  environmental 
loads  is  • Dependencies  may  be  accounted  for  by  terms,  e.g. 

CijkPjPk  for  the  Joint  effect  of  the  jth  and  kth  loads  on  the  ith  part. 

An  important  aspect  of  the  reliability  prediction  research  to  be  recom- 
mended here  focusses  upon  exposing  such  design  relationships.  This 
contrasts  with  the  reliability  assessment  approach  which  largely 
ignores  design  relationships.  Using  the  electrical  case  as  an  analogy, 
the  predictive  approach  depends  upon  an  analysis  of  the  electric  circuit. 
System  reliabilities  are  determined  from  subsystem  reliabilities  in 
much  the  same  manner. 
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4. 3 Operational  Conditions  and  Failure  Modes 


Operational  conditions  give  rise  to  the  loads  experienced 
by  the  vehicle  components.  The  design  relates  the  loads  (stresses)  to 
the  strengths  of  these  components  for  appropriate  failure  modes.  These 
design  relationships  are  used  in  reliability  prediction.  The  designer 
generally  has  much  less  control  over  operational  conditions  than  over 
strengths  of  components.  Therefore,  a data  system  is  required  to 
provide  adequate  inputs  to  the  vehicle  model  and,  ultimately,  to  the 
reliability  prediction.  Operational  loads  acting  on  vehicle  components 
include  passengers  and  cargo,  terrain  excitation,  wind  load,  friction, 
and  impact.  These  loads  contribute  to  the  failure  modes.  One  failure 
mode  classification,  called  "SCWIFT",  appears  in  Table  4.1.  Failure 
modes  are  identified  from  appropriate  data.  Therefore,  it  is  essential 
that  the  data  system  provide  adequate  failure  mode  identification, 
thus  providing  design  clues. 

Component  reliabilities  are  related  to  failure  modes.  For 
example,  consider  a component  that  can  fail  from  fatigue,  corrosion, 
wear  or  shock.  Assume  known  probability  distributions.  Let 

Nt  = number  of  loading  cycles  to  time  t 

Ct  = corrosion  stress 

W = wear  stress 

1^  = shock  stress 

[S]=  Event  that  the  component  survives  to  time  t. 

An  event  relationship  for  survival  to  time  t is  written  as 
the  union:  [SJ  = [Nt  < Nq]  U [Ct  < CQ]  U [Wt  < Wq]  U [It  < Iq] 

The  zero  subscript  indicates  failure  limits.  This  event 
relation  expresses  the  fact  that  a component  survives  if  none  of  the 
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TABLE  4.1 


Code 


S 


C 


W 


I 


F 


T 


DEFINITION  OF  FAILURE  MECHANISMS 
Failure 

Mechanism  Producing  Load  Definition 


Creep  or 

Stress 

Rupture 


Corrosion 


Wear 


Impact 


Fatigue 


Thermal 


Constant  or  static 
mechanical  (brief 
or  extended  duration) 


Chemical  or  chemical 
and  mechanical 


Various  mechanical 


Constant,  moving, 
mechanical 


Repeated  or  fluct- 
uating, mechanical 


Heat  (brief  or 
extended  duration) 


Phenomena  leading 
to  failure  under 
constant  load  in  a 
period  of  time. 

Deterioration  of 
a metal  by  chemical 
or  electrochemical 
reaction. 

Removal  of  material 
from  a solid  surface 
as  a result  of  mechan- 
ical action. 

Phenomena  leading  to 
failure  as  a result 
of  the  sudden  applica- 
tion of  a moving  load. 

Phenomena  leading  to 
failure  under  repeated 
or  fluctuating  stress 
less  than  the  tensile 
strength . 

Deterioration  of  material 
by  melting,  vaporization, 
decomposition  and  welding 
as  a result  of  high  temper 
atures . 
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failure  modes  is  active  prior  to  time  t.  It  follows  that  the  reliability. 


Ps(t),  is 

Ps  (t)  = P UNt  < Nq]  U [Ct  < CQ]  U [tft  < Wo]  U [It  < IQ]) 

Earlier  remarks  apply  here  for  the  continued  analysis  of  this 
relationship,  and  aggregation  of  similar  relationships  for  other  components 
into  higher- level  reliabilities. 
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5.  SUSPENSION  SUBSYSTEM 


In  a study  of  the  analyses  required  to  establish  interrelation- 
ships among  stresses,  design  strengths,  and  failure  modes,  only  one 
present  need  was  evident  for  development  of  relatively  complex  probabil- 
istic analysis.  This  involves  the  effect  of  damper  or  shock  absorbers 
on  stresses  imposed  on  vehicle  components,  and  is  illustrated  in  this 
section  as  part  of  deriving  vehicle  stress  inputs  through  the  suspension 
subsystem.  The  analysis  also  provides  an  example  of  the  interaction 
between  the  disciplines  of  mechanics  and  probability  theory  that  is 
indispensable  to  a true  reliability  prediction  of  new  designs  and  con- 
figurations. The  last  page  lists  some  typical  elements  or  components, 
with  characteristic  functions,  failure  modes  and  related  design  disci- 
plines. 


The  vibrations  of  a vehicle  moving  on  rough  terrain  is 
influenced  primarily  by  the  vehicle  and  tire  masses,  the  spring  constants 
of  the  suspension  system,  damping  of  the  shock  absorbers  and  the  irregular 
terrain.  A simple  vehicle-terrain  model  which  reflects  these  primary 
characteristics  appears  in  Figure  5.1. 


Figure  5.1.  Vehicle  - Terrain  Model 
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The  coordinates  x^  and  define  the  rest  position  of  the  tire  and 
vehicle  measured  from  a reference  elevation,  xq.  A vehicle  moving 
with  speed  V,  travels  a distance  V in  a time  t when  the  terrain 
elevation  is  xq  (Vt) . For  a fixed  speed  xq  depends  on  time  t.  The 
equations  of  motion  for  this  system  are 


c(x2-Xi)  + Jt^x^xp  = 0 


mjXj  -cfx^Xj)  -k2Cx2”Xj)  + kjXj  + kjXo  = 0 


Let  c = 


c 


m, 


m 


2 


1 


Then  the  equations 


The  complex  frequency  response  functions  are 


Hx1(u)  = 


A 


where 


2 

- (2i^to2oj  + tu^) 
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The  stresses  in  the  suspension  system  and  tire  measured  by  the  relative 
displacements  y^  = x^  -xq  and  y2  -x^  and  their  complex  frequency 
response  functions  are 


Hy20) 

HyjCoi) 


2 2 

- w^+  2i  Coj2(ij^  ( 1+u)  +a>2  (1+u)  0)2 
A 


Random  terrain  is  customarily  assumed  to  be  stationary, 
ergodic  and  Gaussian  with  zero  mean.  The  response  of  a linear  system 
subjected  to  such  a terrain  excitation  proves  also  to  be  Gaussian. 

The  normal  probability  density  function  can  be  constructed  if  response 
statistics  are  known.  For  the  relative  displacement  of  the  tire,  the 
power  spectrum  is 


sy2(  ) 


a 

6+io) 


] 


Therefore  the  mean  square  displacement  is 


- 


2 2 
OUOjU) 

(8  + ico) 


doj 


This  integral  can  be  evaluated  by  contour  integration.  Finally  the 
joint  probability  density  of  the  relative  displacement  and  velocity 
is 


fy2y2(y2^2) 


2ira 


exp- 


y2  y2 


2 

y2  + + 
2o2 


.2 

y2 

, 2 

2o . 

Y' 
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An  underlying  assumption  in  the  response  transfer  function  for  the 
terrain  excitation  input  is  that  the  damping  factor  (c)  for  the  shock 
absorbers  is  a constant.  Actually,  it  is  a random  Variable  and  can 
be  described  by  a time  dependent  probability  distribution  to  account 
for  deterioration.  To  consider  this  random  variable  with  the  random 
terrain  excitation  escalates  the  complexity  of  the  probabilistic 
relationships.  For  single  degree  of  freedom  system  (next  figure),  the 
equation  of  motion  is 


ray  ♦ cy  ♦ ky  *>  -mx^ 


where 

Let 

Then 


y 55  xi  • xo 


2 k j „ c 
a)  = — and  £ = — — 

m 2 Am 


y ♦ 2cwn  y + con  y = -xQ  (t) 


x 


The  complex  frequency  response  H(w)  is 

-1 


H 


^ to^-a)^+2C(o  a) 

n n 
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Now  if  the  damping  factor  (c)  is  described  by  a probability  density 
function  f(c),  then  the  probability  function  for  5 is 


g(C)  = ij|f(c_1)  = f(2>£m 


where  J is  the  Jacobian  of  the  transformation  and  since 


2^ 


The  response  transfer  function  H ^ is  a function  of  the  damping  ratio 
5 i.e. 


y(u) 


- +(0 


Let  (H,  .)  be  the  single  valued  inverse  function  of  5.  Then  the 
(.uj 

probability  density  function  for  frequency  response  is 


g(H(u)))  = |j|g(«KH)) 

However,  for  the  two  degrees  of  freedom  model  of  a vehicle  considered 
earlier  the  frequency  response  is  a complex  function  of  two  random 
variables.  Improvements  in  reliability  prediction  require  further 
investigations  to  evaluate  correlation  between  these  random  variables. 
For  example,  accelerometers  that  are  installed  on  an  axle  near  a tire 
and  above  the  corresponding  shock  absorber  will  yield  data  for  correla- 
tion studies. 
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SUSPENSION  SUBSYSTEM 


ELEMENTS 

FUNCTION 

FAILURE  MODES 

DISCIPLINES 

Shaft 

Transmit  Power 
Support  Wheel 

Flexure,  Shear,  Excessive 
Deflection 

Shaft  Design 

Stabilizer 

Prevent  Sway 

Flexure,  Shear 

Shaft  Design 

Spring 

Smooth  Riding 

Shear,  Fatigue 

Spring  Design 

Damper 

Absorbing  Shock 

Leakage,  Rupture 

Fluid  Mechanics 

Brake 

Stopping 

Wear,  Leakage 

Bearing 

Bearing 

Reduce  Friction 

Fatigue,  Abrasion,  Corrosion 

Bearing 

Tire 

Ride 

Wear,  Rupture 

Strength,  Surface  Wear 

Tire  Rim 

Support 

Rupture 

Structural  Design 

Screws  5 Nuts 

Fasteners 

Shear 

Structural  Design 
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taxiing  on  such  runways  over  a range  of  speeds  and,  by  synthesis  of  the 
aforementioned  results,  proposes  new  criteria  for  runway  and  taxiway 
smoothness  which  are  applicable  to  new  construction  and  may  also  be  used 
as  a guide  for  determining  when  repairs  are  necessary. 

"Measurements  and  Power  Spectra  of  Runway  Roughness  at  Airports 
in  Countries  of  the  North  Atlantic  Treaty  Organization"  by  W.  E.  Thompson, 
Tech.  Note  4303,  July  1958.  Measurements  cf  runway  roughness  obtained 
by  a profile-survey  method  are  presented.  The  results  are  presented  as 
elevation  profiles  of  the  runways  surveyed  and  in  the  form  of  power 
spectra. 


(15)  Books  and  Misc. 

"Statistical  Methods  in  Structural  Mechanics"  by  V.  V.  Bolotin, 
Moscow,  Russia,  1965.  Translated  by  M.  D.  Friedman,  Lockheed  Missiles 
§ Space  Company,  distributed  by  Clearinghouse,  U.  S.  Dept,  of  Commerce, 
Springfield,  Virginia  22151.  TT66-62505.  Contents  include  fracture, 

stability,  vibrations,  fatigue  and  seismic  stability. 

"The  Variance  in  Plamgren-Miner  Damage  Due  to  Random  Vibration" 
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by  S.  H.  Crandall,  W.  D.  Mark,  and  G.  R.  Khabbaz.  Proc.  4th  U.S.  National 
Congress  of  Applied  Mechanics  1,  p.  119,  1962.  Both  mean  and  the 
variance  are  obtained  for  fatigue  damage  when  the  stress  history  is  a 
stationary  narrow-band  Gaussian  noise. 

"Second  Order  Properties  of  Nonlinear  System  Drivers  by 
Random  Noise"  by  L.  Wolaver.  ARL65-61,  Applied  Mat'l.  Res.  Lab.  Wright - 
Patterson  AFB,  Ohio,  April  196S.  Four  different  methods,  Fokker-Planck, 
linearization,  perturbation,  and  numerical  scheme,  of  solving  non-linear 
system  under  white  noise  excitation  are  studied.  Experimental  verifica- 
tions of  the  solution  is  also  presented. 

"On  the  Bemoulli-Euler  Beam  Theory  with  Random  Excitation" 
by  J.  L.  Bogdanoff  and  J.  E.  Goldberg,  J.  of  Aero.  Sci.  Vol.  27,  No.  5, 
p.  371,  May  1960.  Mean  square  displacement  and  stress  are  calculated  in 
a simply  supported  Bemoulli-Euler  beam  with  distributed  external  viscous 
damping  for  several  type  of  random  excitation. 

"Development  of  a Reliability  Prediction  Procedure  for  Ship- 
board Mechanical  Equipments  - Phase  I",  ARINC  Research  Publication 
No.  933-01-2-1079,  Nov.,  1970.  This  report  recognizes  the  need  for 
" - - - scientific  insight,  judgement,  and  experience  in  selecting  the 
best  predictor  equation  from  the  many  mathematical  possibilities  that 
may  appear  to  be  equally  good."  ARINC  Research  Corp.,  Annapolis,  Md.  21401. 

"Interim  Report,  Literature  Search  for  Available  Reliability 
Prediction  Techniques  for  Mechanical  Equipments",  ARINC  Research  Publication 
Number  933-01-1-1018.  ARINC  Research  Corporation,  Annapolis,  Maryland  21401. 
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